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Abstract
In this work we have investigated the structural, electronic, and thermodynamic properties of CdS1-xTex cadmium ternary alloy.
The full potential linearized augmented plane wave (FP-LAPW) method was employed within density functional theory (DFT).
For the electronic properties, in addition to the GGA correction, Engel-Vosko's (EVGGA) formalism was also applied. The effect
of composition on lattice constant, bulk modulus and band gap was studied. Deviations of the lattice constant from Vegard’s law
and the bulk modulus from linear concentration dependence (LCD) were observed for the alloy. The microscopic origins of the
gap bowing were explained by using the approach of Zunger and co-workers. Moreover, the thermodynamic stability of this alloy
was investigated by calculating the excess enthalpy of mixing. mHΔ as well as the phase diagram
© 2009 Elsevier B.V.
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1. Introduction
II-V semiconductors, owing to their direct and rather large gap, are technologically important materials. The
recent successful fabrication of the blue-green laser diode based on these compounds has renewed interest in their
physical properpties. Among these compounds, the cadmium chalcogenides (CdS, and CdTe) have attracted special
attention in recent years from both experimental [1-6] and theoretical [7-14] points of view.
CdTe has found important applications in γ-ray detectors, infrared windows, solar cells and other optoelectronic
devices [15].
Besides, the CdS/CdTe heterojunction has been shown to exhibit excellent electrical properties in the
polycristalline thin-film CdS/CdTe solar cell [16]. Thin-film photovoltaic solar cells based on n-type CdS window
layers and p-type CdTe absorber layers have been extensively studied for many years. The formation of an
intermediate layer of Cd1-xTex during cell fabrication is now widely acknowledged [17].
These materials are characterized by different degrees of covalent, ionic, and metallic bonding, and they
cristallize on different crystal structures (such as zinc blende and wurtzite).
However, the investigations for II-V ternary alloys have been much less intense and hence a fully consistent
picture is still lacking for these materials.
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Concerning the alloy of CdS1-xTex, to the best of our knowledge, few experimental or theoretical investigations
have appeared in the literature.
Therefore, the purpose of this paper is to study the structural, electronic and thermodynamic properties as well as
to investigate the disorder effects in this cadmium alloy using the full potential linearized augmented plane wave
(FP-LAPW) method.
The article is organized as follows: In the next section we give a brief description of the computational details. In
section 3, results and discussion for structural, electronic and thermodynamic properties of CdS1-xTex alloy have
been given, comparison is made, when possible ,with experimental and théoretical data. Finally, we present our
conclusions.
2. Method of calculations
The calculations were performed using the full-potential linear augmented plane wave (FP-LAPW) method
within the frame work of density functional theory (DFT) [18,19] as implemented in wien2k code [20]. The
exchange-correlation potential for structural properties was calculated by the generalized gradient approximation
(GGA) based on Perdrew et al [21], while for electronic properties, in addition to GGA correction, Engel and Vosko
GGA (EVGGA) [22] scheme was also applied. In the FP-LAPW method, the wave function, charge density and
potential are expanded differently in the two regions of unit cell. Inside the non-overlapping spheres of radius RMT
around each atom, spherical harmonics expansion are used, while in the remaining space of the unit cell (interstitial
region) a plane wave basis set is chosen. In the present calculation, a cubic super cell that is composed of eight
atoms (four Cd atoms and four stared out between S and Te) is considered. We use a parameter RMTKmax = 8 which
determine matrix size, where RMT denotes the smallest atomic sphere radius and Kmax gives the magnitude of largest
K vector in the plane wave expansion. The charge density was Fourier expanded up to Gmax = 14 (Ryd)1/2. The
maximum l value for the wave function expansion inside spheres was confined to lmax = 10. We chose the muffin-tin
radius of Cd, S and Te to be 2.5, 2.0 and 2.0 a.u respectively. A mesh of 125 special k-points for binary compounds
and 27 special k-point for the the alloy were taken in the irreducible wedge of the Brillouin zone for the total energy
calculation. Both the plane wave cut-off and the number of k-points were varied to ensure total energy convergence.
3. Results and discussion
3.1 Structural properties
In the present study, the zinc blende struture is assumed for both compounds. Firstly, the structural properties of
the binary compounds CdS and CdTe were analyzed. We model the alloy at some selected compositions with
ordered structures described in terms of periodically repeated supercells with eight atoms per unit cell, for the
compositions x = 0.25, x = 0.5, x = 0.75. For the structures considered, the total energies were calculated as a
function of volume and were fitted to Murnaghan’s equation of state [23]. The corresponding equilibrium lattice
constants and bulk modulus for both binary compounds and their alloy are given in Table 1. Considering the general
trend that the GGA usually overestimates the lattice parameters while LDA is expected to underestimates them [24],
our GGA results for the binary compounds are in reasonable agreement with the experimental and other theoretical
values [4, 7, 25-28]. Usually, in the treatment of alloy problems, it is assumed that the atoms are located at ideal
lattice sites and the lattice constants of alloys should vary linearly with composition x according to Vegard’slaw[29],
however, violations of Vegard’s rule have been reported in semiconductor alloy . Figure1 shows the variation of the
calculated equilibrium lattice constant versus concentration for CdS1-xTex alloy. A small deviation from Vegard’s
law is clearly visible with upward bowing parameter equal to -0.132 Å, obtained by fitting the calculated values with
a polynomial function. The physical origin of this small deviation should be mainly due to the weak mismatche of
the lattice constants of CdS and CdTe. In figure2, the composition dependence of bulk modulus is compared with
the results predicted by linear concentration dependence (LCD). A significant deviation of the bulk modulus from
the linear concentration dependence with downward bowing equal to 14.407 GPa for CdS1-xTex alloy was obseved.
Our results show that the bulk modulus decreases with increasing the Te concentration x ( )1x0 ≤≤ . This
suggests that as x increases from x = 0 (CdS), to x = 1 (CdTe), CdS1-xTex becomes generally more compressible.
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Table1: Calculated lattice parameter (a) and bulk modules (B) cadmium chalcogenides and their alloy at equilibrium volume.
Lattice constant a () Bulk modulus B (GPa)Composition(x)
This work expt. other calculations This work expt other calculations
1
0.75
0.5
0.25
0
6.63a 6.48b 6.62c, 6.48d, 6.40e, 6.44f,6.30g
6.48a
6.32a
6.15a
5.95a 5.94b 5.94c, 5.81d, 5.85e, 5.80f
35.8a 44.5b 39c, 48.9d, 52e, 46.6f,
45g
37.3a 38.0c
41.4a 41.6c
46.6a 47.0c
53.9 a 62b 55.8c, 74.4d, 70e, 70.3f
a Present work, b experiment [26], c theory[25], d theory[27], e theory [4], f theory [7], g theory [28]
Fig1: Composition dependence of the calculated lattice constants of CdS1-xTex alloy (solid squares) compared with Vegard’s prediction
(dashedline).
Fig 2: Composition dependence of the calculated bulk modulus of CdS1-xTex alloy (solid squares) compared with LCD prediction
(dashedline).
3.2 Electronic properties
To compute band gaps of CdS and CdTe binary compounds, and their alloy CdS1-xTex self consistently, GGA-
PBE and EV-GGA are used within DFT.
Their calculated band structure energies indicate a direct band gap ( )Γ−Γ .The results are given in table 2. It is
clear from Table 2 that the band gap values given by EVGGA formalism are reasonably in agreement with
experiment and GGA gives lower value. In fact, it is well known that the GGA usually underestimates the
experimental energy band gap [26,32]. The GGA has a simple form which is not sufficiently flexible for accurately
reproducing both exchange–correlation energy and its charge derivative. Engel and Vosko [22] by considering this
short coming constructed a new functional form of the GGA which was able to better reproduce the exchange
potential at the expense of less agreement in exchange energy. This approach, called EVGGA yields a better band
splitting and some other properties which mainly depend on the accuracy of exchange-correlation potential. On the
other hand, in this method, the quantities that depend on an accurate description of exchange-energy Ex such as
equilibrium volumes and bulk modulus are in poor agreement with experiment.
Figure 3 shows the composition dependence of the calculated band gaps using GGA and EVGGA schemes. One
can also note that the direct band-gap (Γ - Γ) decreases with increasing the Te content. This could be understood in
terms of the difference in the electro-negativity between Te and S atoms which is according to the the pauling scale
2.58 for S and 2.1 for Te. We calculated the total bowing parameter by fitting the non-linear variation of calculated
band gaps versus concentration with quadratic function. The results obey the following variations:
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It has been seen that the main influence of the band gap energy is due to the lattice constant and the
electronegativity mismatch of the parent atoms. In order to better understand the physical origins of the gap bowing
in these alloys, we follow the procedure of Bernard and Zunger [33], in which the bowing parameter (b) is
decomposed into three physically distinct contributions. The overall gap bowing coefficient at x = 0.5 measures the
change in band gap according to the reaction:
( ) ( ) ( )eqACAB aCABaACaAB 5.05.0→+ ()
Where aAB and aAC are the equilibrium lattice constants of the binary compounds AB and AC, respectively and aeq
is the alloy equilibrium lattice constant. We now decompose reaction () into three steps:
( ) ( ) ( ) ( )aACaABaACaAB VDACAB +⎯→⎯+ , ()
( ) ( ) ( )aCABaACaAB CE 5.05.0⎯→⎯+ , ()
( ) ( )eqSR aCABaCAB 5.05.05.05.0 ⎯→⎯ . ()
The first step measures the volume deformation (VD) effect on the bowing. The corresponding contribution bVD
to the total gap bowing parameter represents the relative response of the band structure of the binary compounds AB
and AC to hydrostatic pressure which here arises from the change of their individual equilibrium lattice constants to
the alloy value a = a(x) (from Vegard’s rule). The second contribution, the charge-exchange (CE) contribution bCE,
reflects a charge transfer effect which is due to the different (averaged) bonding behavior at the lattice constant a.
The final step measures changes due to the structural relaxation (SR) in passing from the unrelaxed to the relaxed
alloy by bSR.
Consequently, the total gap bowing parameter is defined as:
SRCEVD bbbb ++= ()
( ) ( ) ( ) ( )[ ]aaaab ACACACABABABVD εεεε −+−= 2 (	)
( ) ( ) ( )[ ]aaab ABCACABCE εεε 22 −+= (
)
( ) ( )[ ]eqABCABCSR aab εε −= 4 ()
Where ε is the energy gap which has been calculated for the indicated atomic structures and lattice constants.
Energy gaps terms in Eqs (	)-() are calculated separately with self-consistent band structure approach FP-LAPW.
The results are given in Table 3. It can be seen that the calculated quadratic parameter (gap bowing) within GGA
and EVGGA is very close to its corresponding result obtained by Zunger approach. The contribution of the volume
deformation term to the bowing parameter bVD has been found to be significant for CdS1-xTex. This term is correlated
to the relative large mismatch of the lattice constants of the corresponding binary compounds. The charge transfer
effect is significant also. It is due to the large electronegativity difference betweenS(1.0) and Te(2.1) atoms. The
contribution of the structural relaxation is small.
Table2: Gap energy Eg of cadmium compounds and their alloy at equilibrium volume.
Eg (eV)
This work expt.x
GGA EVGGA
1
0.75
0.5
0.25
0
0.57a 1.17a 1.60b
0.66a 1.26a
0.75a 1.40a
0.87a 1.58a
1.01a 1.79a 2.55b
a Present work, b experiment[26, 32]
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Fig 3: Composition dependence of the calculated band gap using GGA (solid squares) and EVGGA (solid circles) for CdS1-XTex alloy.
Table3: Decomposition of the optical bowing into volume deformation (VD), charge exchange (CE), and structural relaxation (SR) contributions
compared with that obtained by a quadratic fit (all values are in eV).
3.3 Thermodynamic properties
In order to study the phase stability of CdS1-xTex alloy, we calculated the phase diagram based on the regular-
solution model [34–36]. The Gibbs free energy of mixing, ΔGm, is expressed as:
mmm STHG Δ−Δ=Δ (0)
Where
)1( xxHm −Ω=Δ (1)
( ) ( )[ ]xxxxRSm −−+−=Δ 1ln1ln (2)
ΔGm and ΔSm are the enthalpy and entropy of mixing, respectively; Ω is the interaction parameter which depends
on the material, R the gas constant and T the absolute temperature. The mixing enthalpy of alloy can be obtained
from the calculated total energies as
( ) ACABCABm ExxEEH xx −−−=Δ − 11 , (3)
Where
xxCABE −1 , ABE and ACE are the respective energies of xxCAB −1 alloy and the binary compounds AB and
AC. We then calculated mHΔ to obtain Ω as a function of concentration. The interaction parameter decreases
almost linearly with increasing x. From a linear fit we obtained:
( ) 7022.466506.55593/ +−=Ω xmolJ (4)
The average values of the x-dependent Ω in the range 0 ≤ x ≤ 1 obtained from these equations for CdS1-xTex
alloys is 18853,9022J/mol (4.51kcal/mol), respectively. By calculating the free energy of mixing ΔGm at different
Calculation Quadratic fits
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concentrations using Eqs. (0)-(2), we determine the T–x phase diagram depicting stable, metastable and unstable
mixing regions of the alloy (Fig.4).
Fig 4: T–x phase diagram of CdS1-xTex ternary alloy. Solid line:binodal curve; dashedline: spinodal curve
At a temperature lower than the critical temperature Tc, the two binodal points are determined as those points at
which the common tangent line touches the ΔGm curves. The two spinodal points are determined as those points at
which the second derivative of ΔGm is zero; ( ) 0/ 22 =∂Δ∂ xGm .
Figure 4 shows the calculated phase diagram including the spinodal and the binodal curves of the alloy of
interest. We observed a critical temperature Tc of 1133.824 K for CdS1-xTex alloy. Phase diagram shows symmetry
which is due to the use of Ω as x-independent. This result is similar to the qualitative behaviour of other alloys. The
spinodal curve in the phase diagram marks the equilibrium solubility limit, i.e., the miscibility gap. For temperatures
and compositions above this curve a homogeneous alloy is predicted. The wide range between spinodal and binodal
curves indicates that the alloy may exist as metastable phase. Finally, our results indicate that the CdS1-xTex is stable
at high temperature.
4. Conclusion
FP-LAPW method within the DFT in the GGA for structural properties and EV-GGA for electronic band
structure have been used to calculate structural parameters, electronic gap and phase diagramm of CdS1-xTex mixed
crystals (0  x 1) in phase zinc-blende. Asummary of the the key findings follows.
The lattice constant of CdS1-xTex alloy exhibits a small deviation from Vegard’s law with an upward bowing
parameter -0.132 Å. This small deviation is mainly due to the mismatche of the lattice constants of binary
compounds.
A significant deviation of the bulk modulus from LCD was found for CdS1-xTex alloy. As the Te content increase,
the alloy becomes generally less compressible.
The volume deformation contribution is found to be significant and is related to the relative large mismatch of the
lattice constants of the corresponding binary compounds.
The calculated phase diagram indicates a critical temperature of 1133.824 K. It means that the CdS1-xTex is stable
at high temperature.
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